Low-temperature superconducting circuits have become important for many scientific applications. However, there are presently no high current-capacity switches ($1 mA) with low power dissipation for sub-Kelvin operation. One candidate for a sub-Kelvin switch is the cryotron, a device in which the superconductivity of a wire is suppressed with a magnetic field. Here, we demonstrate a cryotron switch suitable for sub-Kelvin temperatures. In the closed state, the maximum device current is about 900 lA. The device is switched to its open state with 2 mA of control current and has a leakage of approximately 500 nA. The transition between the closed and open states of the device is faster than 200 ns, where the measurement is limited by the speed of our measurement apparatus. We also discuss low-temperature applications for our cryotron such as a single-pole, double-throw switch. [http://dx.doi.org/10.1063/1.4964345] Superconducting circuitry for applications such as quantum 1 and low-power classical 2 computing, quantum optics, 3 and low-temperature detectors, 4, 5 has become increasingly mature and complex. In these circuits, there is a demand for switching technologies that can be used to reduce the total wire count and increase circuit programmability. Present superconducting switches include thin-film electrothermal devices 6 and tunnel-junction-based switches. In electrothermal switches, actuation current creates a hot spot that suppresses the superconductivity of a wire. The associated power dissipation may prohibit some large scale implementations. Tunnel-junction-based switches [7] [8] [9] can operate at sub-Kelvin temperatures, but either have high currentcapacity with high leakage current or low current-capacity with low leakage current. In this letter, we demonstrate a high current-capacity ($1 mA) cryotron switch that requires a low actuation current and is suitable for use at sub-Kelvin temperatures.
First demonstrated by Buck in 1956, 10 a cryotron consists of a superconducting switching element, called the signal 11 line, and a magnetic coil, called the control line, as shown in Figure 1(a) . To switch the device, current is driven through the control line until it applies a field greater than the critical field of the signal line and thus drives the signal line normal. As a simple superconducting wire, the cryotron has a high supercurrent capacity in its closed state and a low supercurrent leakage in its open or resistive state. These properties make it an ideal building block for a switch.
Since the first demonstration, many improvements were made to cryotron devices. [12] [13] [14] [15] Much of this work was devoted to creating switches suitable for use in logic gates, which led to the optimization of switches to produce gain instead of a device that operated at low temperatures. For example, these early devices were operated at 90% of their critical temperature, T c , to decrease the signal line critical field, H c , and thus decrease the necessary control current.
While this reduced the required control current to tens or hundreds of milliamps, a requirement to operate near its T c is not desirable for a general-purpose, sub-Kelvin switch. Additionally, these early devices operated at 4 K where the cooling power of refrigerators was large enough that the Joule heating due to small parasitic resistances in the control line was of no concern. At sub-Kelvin temperatures, refrigerators have cooling powers on order of 1-100 lW, so the parasitic power load (10 nW-1 lW per device) caused by 10-100 mA passing through a typical contact resistance of a connector (100 lX) will substantially heat the sample box if multiple devices are used. Therefore, devices with lower actuation currents are required for sub-Kelvin operation.
For use as a low temperature switch, an ideal cryotron needs to operate at temperatures well below the signal-line T c and have smaller actuation current than demonstrated in the previous devices. We selected materials suited for low temperatures and increased the magnetic field applied to the signal line for a given control current via a superconducting transformer. A suitable signal-line material is Al doped with Mn (AlMn) because of its large normal-state resistance and tunable T c . 16 As a thin film, we assume AlMn behaves as a type-II superconductor. We targeted a critical temperature of 250 mK and a normal-state resistivity of 3 Â 10 À8 X m. To estimate H c of bulk AlMn, we scale the measured value for Al, H c ¼ 10.5 mT, 17 by the ratio of the Al and AlMn critical temperatures according to BCS theory. Using this method, we estimate that H c for our AlMn is 2 mT. The H c1 of the AlMn thin film should not exceed this value.
To estimate the control current required to produce this magnetic field, we used the toy model shown in Figure 1 (b). We chose Nb for the control line material because of its high critical temperature and high critical-current density. The control line crosses over the AlMn signal line at a distance d. At currents much less than the critical current of the Nb control line, the control current preferentially concentrates at the edge of the wire, 18 which creates approximately the magnetic field shown in Figure 1(b) .
According to the Ginzburg-Landau equations, a perpendicular magnetic field is much more effective at suppressing superconductivity than a parallel magnetic field of the same magnitude. Therefore, the control current that produces a perpendicular magnetic field component that exceeds H c will actuate the switch. The magnetic field with the maximum perpendicular component occurs at a distance of ffiffi ffi 2 p d from the edge of the wire, and its magnitude is B ?max ¼ l 0 I con = ð8pdÞ where I con is the full control current and d is the distance between the control line and signal line. Thus, 4 mA is required to generate 2 mT for d ¼ 100 nm, at typical thickness of a fabricated insulator.
While I con ¼ 4 mA is smaller than in previous devices, even lower actuation currents can be achieved using a superconducting transformer. In our prototype device, the 10 lm wide AlMn signal line is insulated by a 100 nm thick layer of SiO 2 , and crossed over by 3 lm wide Nb control-line traces which extend from a superconducting washer. The washer forms the secondary of a superconducting transformer with a 20-turn Nb primary coil. Through device modeling, we estimate that this transformer produces a current in the superconducting washer that is about 10 times larger than the control current, reducing the estimated actuation current that must be supplied to the control line to below 1 mA. A completed device is pictured in Figure 2 . We also fabricated devices with a superconducting dipole-gradiometer washer to reduce measurement offsets caused by stray magnetic fields; a micrograph of this device is shown in the supplementary material. For more information on device fabrication, see supplementary material.
The following measurements were performed on a dipole-gradiometer cyrotron. Devices were measured in a magnetically shielded adiabatic demagnetization refrigerator (ADR) thermally regulated at 70 mK. 19 Current bias was achieved with a low-noise voltage source in series with a large bias resistor, and the voltage across the signal line was measured with a volt meter. We measured the signal line to have T c ¼ 245 mK and the critical current of the control line to be greater than 5 mA. We then performed the currentvoltage (IV) measurements of the signal line to determine the signal current at which R signal exceeded 50 mX, our operational definition of the open state. Measurements were performed for both positive and negative signal and control currents to determine any offsets. The results of these measurements are shown on a log scale in Figure 3 and on a linear scale in the supplementary material. As the data show, when no current is applied to the control line, the maximum signal-line supercurrent is I sig ¼ 900 lA. For applied fields below H c2 , the device will always allow a small supercurrent to flow. As the control current is increased, this supercurrent is reduced. At I con ¼ 2 mA, the critical current of the signal line is reduced to the detectable limit of our measurement apparatus, approximately 500 nA. Previous cryotron devices had an actuation current in the tens of milliamps when operated within 90% of the T c of the signal line, 14 so this result is a factor of 10 times less actuation current than in previous devices at a temperature less than 30% of the T c of the signal line.
The data trend agrees with previous results, in that our device exhibits a low-field regime with a steep linear slope, which represents the squeezing of the current in the Meissner state, and a high-field regime with a long decaying tail, which represents the current in the presence of vortices. 18, 20, 21 However, the theories predict the transition between the two regimes at a magnetic field an order of magnitude smaller than we observe. We hypothesize that this discrepancy is because we do not apply the uniform, perpendicular, magnetic field to the device that the theory expects. In future work, we will measure I c suppression in new devices in a more uniform perpendicular magnetic field to better understand and resolve the discrepancy.
At I con ¼ 2 mA, the signal line has a resistance of about 150 mX for signal current lower than 6 lA. We hypothesize that the control current is only driving a small region of the signal line normal. Higher signal currents with I con ¼ 2 mA drive the entire length of the signal line normal, and we observe a signal-line resistance of about 3.4 X. While 150 mX is a useful switching resistance for completely superconducting circuits, other applications may require a larger normalstate resistance. This could be accomplished by meandering the control wire over the signal wire to create more crossings of the signal and control lines which would drive more regions in the signal line normal.
The theoretical description of cryotron switching dynamics uses the time-dependent Ginzburg-Landau equations, which describe the pinching of the superconducting state into the center of a wire as magnetic field gradually penetrates from the edges as well as other phenomena, such as the electron-phonon coupling which removes the latent heat of superconductivity as the signal line returns to its closed state. These equations predict switching speeds on the order of nanoseconds, and cryotrons in the literature have demonstrated speeds as fast as 40 ns. 22 While we believe there may be a large number of applications for such a device, we were particularly interested in its compatibility with our multiplexed SQUID readout, which we operate at switching times as low as $200 ns. 23 We therefore integrated a cryotron into a parallel circuit where the current is shunted from the signal line to the input coil of a SQUID to verify that the cryotron does not limit the switching speed of our SQUID electronics. Measurements (shown in the supplementary material) demonstrate that the cryotron does not limit the switching speed of our multiplexed SQUID readout electronics and place an upper limit of 200 ns on the switching time of the cryotron.
Using our measured values of the device resistance and switching speed, we can estimate the switching energy. Because the transition between the normal and superconducting states is a reversible process, no energy is deposited into the closed system by this phase transition. Instead, energy is deposited into the system from Joule heating of the signal line integrated over the switching time. Assuming a switching time of 200 ns, a signal-line resistance of 150 mX, and a maximum signal-line current of 900 lA, 12 fJ is deposited per switching event. In addition to the energy deposited per switching event, if the entire 500 nA leakage current passes through 150 mX signal line, we estimate an additional power load of only 40 fW in the open state.
The cryotron already shown can be used as a singlepole, single-throw switch. However, many applications require the ability to steer supercurrent. To this end, we also designed and fabricated a single-pole, double-throw (SPDT) switch that allows the current to follow a superconducting path by connecting the signal lines of two cryotron devices together. A diagram of this circuit is shown in Figure 4 and a micrograph of the device is shown in the supplementary material. In normal operation, current enters the switch through the center signal line lead (terminal 2) and exits the switch through the signal line branch that is superconducting. The current can be steered to the right or to the left by driving the appropriate signal line normal. Unfortunately, we were not able to test our device in this fashion because the change in the signal line resistance (from 0 to 3.5 X) is significantly smaller than the line resistance from the cryotron to the outside world. Therefore, to test the device, we measured the resistance of both signal lines by running 5 lA from signal line terminal 1 to signal line terminal 3 and measured the voltage across these two nodes. We then varied the control line current of the two cryotrons as shown in Figure 4 .
When both switches are closed, R sig ¼ 0 X. When just one switch is actuated to the open state, R sig ¼ 3.5 X and when both switches are open, R sig ¼ 7 X. This measurement demonstrates functionality in both switches, and we expect to demonstrate integration with other superconducting circuitry soon.
The switches that we have demonstrated will have an immediate impact. For example, the dominant source of crosstalk in time division SQUID multiplexing 24 is parasitic coupling of feedback current to the inputs of all SQUIDS in a readout column. Our switch could shunt this feedback current so that it couples only to the active SQUID, thus eliminating this form of crosstalk. Other applications include: code-division SQUID multiplexing, 9,25 a binaryswitching network that routes one input to 2 N outputs, and tunable coupling strength in circuits for quantum computing to resolve tension between communication and coherence.
While we were able to reduce the actuation current from that of the previous cryotron devices, some applications may require even lower actuation current. This could be accomplished with more turns in the primary coil of the transformer. In space-limited applications, cell size could be reduced by creating the primary coil using e-beam lithography.
In conclusion, we have demonstrated a cryotron switch with a maximum I sig ¼ 900 lA in its closed state (I con ¼ 0 A) and a leakage current I sig $ 500 nA in its open state (I con ¼ 2 mA) that can operate at temperatures far below the figure) is the current applied to control 1, and the green line (bottom figure) is the current applied to control 2.
signal line T c . The cryotron switches faster than 200 ns. We integrated two cryotron switches into a SPDT switch and demonstrated its operation. These properties make our cryotron a useful switching method for sub-Kelvin superconducting circuits.
See supplementary material for information on device fabrication, micrographs of the various cryotron designs, and more information on the dc and speed measurements.
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